Abstract --This paper presents a novel differential protection for the variable speed doubly fed induction machines (DFIMs), which typically are working as a generator in wind turbine systems and working as motor/generator in pump storage hydropower plants. The proposed protection, which is based on the comparison of the vector components Id-Iq of the rotor and stator currents, can protect the whole induction machine during the internal faults. This protection considers the dynamic variation of the rotor frequency and the extremely low rotor frequency along the different operation points of the DFIM. The proposed relay is validated in Matlab Simulink environment for a 2 MW DFIM, and the results show that the proposed differential protection protects effectively the entire induction machine during internal faults.
order to safeguard them against abnormal operations or faults, as short circuits or overloads. These situations could be dangerous both for the facilities and for the operators [1] .
The rotor wound-asynchronous machine is a well-known machine, traditionally used as motor for high torque starting loads. The use of this machine has been considerably increased recently thanks to the expansion of the wind energy, and the large-size variable speed pumped storage power plants.
The increasing importance of wind energy worldwide has originated the development of generators specially designed for this application. In order to increase the wind energy production, it is important that the generator could modify the rotation speed. Thus, a great part of the wind generators manufactured today are doubly fed induction generators (DFIG), since they can vary the speed thanks to a reduced size power converter [2] [3] [4] .
Large-scale integration of renewable energy, especially wind power, is a problem for the power system operators, as the wind behavior is random. As a consequence, it is necessary to have back-up generators in case of lack of wind appears. On the other hand, in case of high wind and low power consumption, it could be necessary to store the excess of energy, making the energy storage necessary for a safety power system operation [5] [6] .
Nowadays, thanks to its larger capacity and its high efficiency, pumped storage hydropower plants are the most suitable back-up generators for wind-power integration [7] .
Traditionally pumped storage power plants had not the possibility to vary the power while working in pumping mode, but nowadays the variable speed pumping units allow the power regulation both in turbine and pumping mode with an excellent efficiency. Most of these large alternators are based on DFIM with a rotor converter and there are not many protections for this type of machine, especially for the rotor.
The rotor windings of a variable speed DFIM are connected to a back-to-back converter and the rotor current frequency generally is between 0.1 Hz and 6 Hz during normal operation for hydroelectric power generation [8] [9] , and is between 0 to 20 Hz for the wind turbine generation [10] .
Many researches are focused on the grid fault near the stator of the doubly fed induction machine, since in this case an over current and over voltage will be appear in the rotor side converter (RSC) [11] [12] [13] [14] [15] [16] [17] . Many solutions, which are based on hardware solution and control modification have been presented to overcome the problems of external fault in the stator [11] [12] [13] [14] [15] [16] . For example, demagnetization strategy [12] , employing a crowbar [13] , or using a STATCOM [14] New Differential Protection for Variable Speed Doubly Fed Induction Machines M. E. Zarei, C. A. Platero, C. Veganzones and J. R. Arribas E or a dynamic voltage restorer (DVR) [15] , are some of these solutions in order to reduce the fault current. However, the objective of these solutions is to protect the converter and the machine during over current. Generally, the DFIMs are protected only from the stator windings, as mentioned, and there is no specific protection for the rotor in the market. However, in recent years, some investigation started in order to develop a new protection relay that covers the entire machine. Hence, in [8] [9] , a protection relay was proposed for DFIM of pump storage plants to protect the entire machine, in which the peak and RMS current values were used in order to have a fast protection for the machine. However, the implemented solution given for this protection is complicated.
One of the most effective protections used in power system and particularly in electrical machines is the differential protection. This protection is based on the comparison of two or more currents and it detects internal faults. Differential protections are extendedly used in power systems such as lines, cables, bus bars and in all types of machines like transformers, induction and synchronous machines [18] [19] .
In rotating machines, induction or synchronous, the differential protection only protects the stator windings through the comparison of the currents at both endings of the windings. To the best knowledge of the authors, the differential protection was not used to protect the entire DFIM machine until now.
This paper presents a novel and simple differential protection for doubly fed induction machines; the main advantage of this new protection is that the rotor and the stator are protected during different operation speeds, and the implementation of this protection is simple. This paper is structured as follows: Section III presents the operating principle of the differential protection. Section IV presents the operation principle of the new protection for the doubly fed induction machine presented. The section V analyses the results of the simulations, and finally section VI presents the conclusions of this work.
III. DIFFERENTIAL STATE OF THE ART
The differential protection is a very common protection used in a large range of electrical devices, especially in electrical machines. Its operation principle is based in the comparison of the input and output currents in each phase winding, as expressed in (1), where the differential current Idiff is calculated.
The restraining current, Ib is obtained using different expressions, depending on the relay manufacturer, but the most commonly used expression is shown in (2), where T and N denotes terminal side and neutral side respectively, and | | means phasor magnitude. 
The most commonly used differential protection algorithm is based on a dual slope, or multiple slope characteristics, where the differential current Idiff and the restraining current Ib are compared.
The simplified schematic of a differential protection for motors and generators is shown in Fig. 1 . For correctly obtaining Idiff and Ib, numerical protective systems filter digitally the input currents, and obtain the phasor magnitudes using Fourier filters. In this case only the stator is protected.
For transformers protection, the differential algorithm is more complex, basically because the protection should compensate the vector group of the transformer and the inrush current. The differential protection for a transformer is shown in Fig. 2 . In this figure the high voltage currents and the low voltage currents are compared according to the winding turn numbers of the transformer.
IV. NOVEL DIFFERENTIAL PROTECTION FOR DFIM

A. Basic principles of DFIM
The dynamic model of a DFIM in the synchronous frame is shown in Fig. 3 . According to this figure, the stator active and reactive power can be presented as follows [20] 
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The relation between the stator current and the rotor current in the synchronous frame in a VOC system, can be presented as:
The differential current in the synchronous frame can be estimated as:
( 1)
Since the leakage inductance is much smaller than the mutual inductance, especially for big induction machines,
is consider be equal to 1. Hence, the differential current of rotor and stator in d and q axis will be: 0
As a result, during normal operation the differential current in d axis has a small value, and in q axis is almost equal to the magnetization current of the machine.
B. Proposed Differential Protection for DFIM
The block diagram of the proposed differential protection for DFIM is shown in Fig. 4 . Then, the rotor current is referred to the stator by multiplying by the turns ratio of stator and rotor windings (N). The rotor and stator currents in the synchronous frame are compared, and differential d and q currents are obtained (Idiff_d, Idiff_q). Finally, these differential currents are compared to the settings (Idiff_d set, Idiff_q set) and the machine would be tripped if any of the differential currents were larger than the settings.
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V. SIMULATION RESULTS
In order to evaluate the performance of the proposed differential protection for the DFIM, 4 fault cases have been studied for a 2 MW DFIM using Matlab Simulink. The parameters of the simulated DFIM are included in the appendix. For all the cases in this study, the DFIM was working as a generator and the stator was injecting 1.5 MW and 0 Mvar. The generator speed in this case was considered to be fixed at 1.1 p.u. due to the big inertia of the wind turbine (working in the hyper synchronous speed). There are many different control strategies for the Rotor Side Converter (RSC) of DFIM such as vector controls, predictive controls, direct power controls, sliding mode, etc. Many papers have addressed different strategies and improved RSC strategies for the low voltage ride through for DFIM when there is a fault in the grid in order to overcome the problems. However, the objective of this paper is to investigate the performance of the differential current protection. Hence, the RSC was controlled under fixed Vd and Vq commands during the simulations. In this paper, the three-phase fault has been considered in all the simulations. The four fault cases that have been studied are the following:
1-External three-phase fault between the rotor side converter and the rotor winding: from t=1 s until t=1.2 s 2-Internal three-phase fault in the rotor windings: from t=2 s until t=2.2 s 3-Internal three-phase fault in the stator winding: from t=3 s until t=3.2 s 4-External three-phase fault in the grid: from t=4.0 s until t=4.2 s
The schematic of the simulated DFIM system is shown in Fig. 5 . In all of the cases, the three-phase fault resistance is 0.5 mΩ. The stator active and reactive power in this study is depicted in Fig.6 . As it can be seen, when there is a fault in rotor windings or near the rotor side converter (cases 1 and 2), the machine absorbs reactive power and the injected power to grid increases due to the machine fixed speed. The fault case 1 and 2 have the same effect on the stator side. Therefore, the performance of the stator active and reactive power for these two cases are almost the same. Hence, the internal and external fault in the rotor cannot be distinguished from the stator active and reactive powers. The three-phase rotor current and the rotor side converter current are displayed in Fig.7 and Fig.8 , respectively. The three-phase stator and the grid currents are shown in Fig. 9 and Fig. 10 , respectively. As it can be seen, when there is an external fault or internal fault in the stator, the rotor current will increase, having both similar values. This indicates that the fault in the stator will induce same effect in rotor current never mind whether it is external or internal. Moreover, the stator current for internal and external fault in the rotor is the same in both cases, as it can be seen in Fig. 9 and Fig. 10 . Therefore, the internal and external faults cannot be distinguished by only using the rotor or the stator currents. Additionally, according to Fig. 8 and Fig. 10 , the converter currents and the grid currents increase during both internal and external faults. However, it does not clarify which kind of fault has occurred.
The rotor currents in d and q axes are shown in Fig.11 and Fig.12 , respectively. In all these cases, the rotor current in the synchronous frame has big values during the faults and cannot give any information about the fault. The stator currents in dq synchronous frame are shown in Fig.13 and Fig.14, respectively . In these figures, although the d axis stator current in the fault case 3 has a big value if compared to the other cases, the q axis stator current has a big value in cases 1 and 2. This high current in the q axis shows that the stator is absorbing a lot of reactive power from the grid. According to Fig.11 to Fig.14 , the rotor and stator currents are increased during the fault in dq axis. However, these currents also do not show the type of the fault. The differential currents in dq synchronous frame are shown in Fig.15 and 16 . According to these two figures, the differential current in synchronous frame is almost zero during normal operation with the external fault. However, during the internal fault, the differential currents in dq have a big value. Hence, these two figures clearly show that when there is an internal fault in the induction machine (case 2 and 3), the differential currents are high and when there is an external fault in the system, the differential currents are small (case 1 and 4). These two figures obviously indicate that the differential currents of the rotor and the stator in the synchronous frame could be used to protect the doubly fed induction machines during internal faults. Moreover, when there is an external fault in the system such as the case 1 and 4, the proposed differential protection of induction machine will not trip. Fig.16 shows that the differential current in q axis has a small value during the normal operations. This small current is for magnetization of the machine.
As a result, the proposed differential protection can be implemented in a doubly fed induction machine to prevent damages inside the machine. 
VI. CONCLUSIONS
The protection of the rotor of a DFIM is not an easy task due to the low frequency of the rotor current during normal operation. Hence, the usual protection for the rotor cannot be effective and fast due to the variable low frequency. However, this paper, presents a simple and practical differential protection for the DFIM based on the comparison of the Id and Iq of the rotor and the stator, which consideres the low frequency of the rotor current. The results show that the proposed protection can protect the rotor and the stator windings during internal faults but without tripping in case of external faults.
VII. APPENDIX 
